Introduction
In recent decades, LIBs have expanded to a wide range of applications in various types of electronic equipment due to them possessing high energy density, remarkable cycling performance and other advantages. [1] [2] [3] [4] Nevertheless, the metal dendrites formed in liquid electrolyte systems can penetrate the polymer separators, which can lead to serious and sporadic safety issues in long-term cycling applications. [5] [6] [7] All-solid-state Li-ion batteries, where the ammable liquid electrolyte is replaced by solid state electrolytes, offer the possibility to solve the safety issues of traditional Li-ion batteries arising from the leakage of ammable organic liquid electrolytes, and in some cases a large electrochemical stability window compared to conventional organic electrolytes.
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In past studies, many kinds of crystalline lithium solid electrolyte have been reported and widely applied in solid-state batteries, such as the garnet structure Li 7 La 3 Zr 2 O 12 (LLZO), 11 the perovskite structure Li 0.5 La 0.5 TiO 3 (LLTO), 12 the LISICON structure Li 14 Zn(GeO 4 ) 4 (LZGO), 13 the NASICON structure Li 1.5 -Al 0.5 Ge 1.5 (PO 4 ) 3 3 , have received much attention because of their comparatively higher lithium ion conductivity at room temperature and air-stability, as well as their relatively low cost for synthesis. 18 However, there still exist a great many technical challenges that need to be settled before the real-world employment of inorganic LATP in solidstate batteries. 19 First of all, the fabrication of LATP thin sheets still suffers from density differences and nonuniformity due to the complex integral molding procedures. Secondly, the inexibility of solid LATP and the insufficient exibility of the resulting electrode material lead to inferior interface contact performance, and as a result the interfacial resistance of the electrode materials will be gradually increased. [20] [21] [22] Therefore, the development of solid electrolytes exhibiting both superior ionic conductivity and perfect interfacial contact in all-solidstate lithium batteries is strongly required. Nowadays, a great deal of attention is given to synthetic solid electrolytes because of their ability to easily form lms and their wettability. In this research, a polymer will be introduced to enhance the solid electrolyte performance. Thus far, research on polymeric electrolytes has included the following types: polyethylene (PEO), 23, 24 poly(vinylidene uoride) (PVDF), 25, 26 poly(methyl methacrylate) (PMMA), 27 polyacrylonitrile (PAN), 28 and poly(-vinylidene uoride-hexauoropropylene) (PVDF-HFP). 29, 30 PVDF is one of the most advantageous candidates compared with the other materials, as its main chain has a strong electronwithdrawing group, CF 2 , which has an accelerating effect on the stability of the anion and a high dielectric constant (3 ¼ 8.4), which can promote the decomposition of lithium metal salts, and increase the concentration of lithium ions and their migration rate. In this research, we attempted to develop a PVDF-based composite polymer electrolyte with excellent performance for solid-state lithium batteries. A poly(vinylidene uoride) (PVDF)-Li 1 HPO 4 , purity 99%) and 0.3 mol of alumina (Al 2 O 3 , purity 97%) were mixed in a ball mill, for 6 hours. Anhydrous ethanol was added to aid lubrication, and then the mixture was calcined at 1173 K for 2 h under air to nally obtain LATP.
The ceramic composite polymer electrolyte was prepared using a sol-gel method, as schematically illustrated in Fig. 1 . The preparation of the solid electrolyte involved the following steps: PVDF and LATP powders were dried under vacuum at 50 C for 24 h before use. The PVDF was completely dissolved in NMP under constant stirring at a temperature of 50 C for 1 h to obtain a clear polymer solution. Then various amounts of LATP (1 : 5, 1 : 7, 1 : 9) were added to the solution and the mixture was magnetically stirred for 5 h to obtain a homogeneous solution. The obtained slurry was then placed into a Teon mold and smoothened to ensure that the mold was evenly coated. The resulting membrane was then removed and placed in a vacuum furnace at 50 C for nearly 24 h to ensure evaporation of the solvent. Aer the wet lm became dry, the freestanding membrane was cut into circles with diameters of 19 mm and stored in an argon atmosphere for further characterization. Finally, the prepared CPE was dipped into a liquid electrolyte consisting of 1.0 M LiPF 6 dissolved in a 1 : 1 (by volume) mixture of EC and DEC to stimulate the activity of the CPE when it is applied to the preparation of a battery. The liquid electrolyte absorption ratio of the CPE lm was calculated by a weighing method and the absorption ratio was obtained by using the equation: adsorption ratio ¼ (W t À W a )/W a , where W t and W a are the weight of the dry circle piece and the piece aer swelling for 12 h, respectively. The average value of 10 sheets of the same size was calculated.
Material characterization
The crystalline structure of the LATP powder, pure PVDF powder and PVDF-LATP electrolyte membrane was studied using an X-ray diffractometer (Bruker D8 Advance) with Cu Ka radiation in the 2q range of 10-90 . The thermal stabilities of the pure PVDF electrolyte and the CPEs with different compositions were measured using a thermo-gravimetric analyzer (NETZSCH TG 209F3) under dry N 2 ow with a heating rate of 10 C min À1 . In order to further illustrate the surface morphology of the LATP nanoparticles and PVDF-LATP electrolyte membrane, they were observed by emission scanning electron microscopy (SEM, SIGMA). The ionic conductivity of the CPEs was measured in a blocking-type cell (ss/PVDF-LATP/ ss), and was measured from 30 C to 60 C with AC impedance, using a CHI 660 Electrochemical Work Station. The applied frequency range was from 1 MHz to 100 Hz, with a 5 mV AC amplitude. In order to maintain thermal equilibrium, the lithium ion batteries were kept at each test temperature for 30 min. To further estimate the stability of the electrochemical window of the synthesized electrolyte, the linear sweep voltammetry method was employed in the measurement range of 2.5 to 5.5 V at a scanning rate of 1 mV s À1 with a stainless steel working electrode and a lithium metal counter electrode. The lithium transference number (tLi + ) data were evaluated according to the chronoamperometry method using Li/Li symmetric cells. The impedances were measured in the frequency range of 10 Hz to 10 MHz, and the potentiostatic polarization experiments were performed with an applied voltage of 50 mV for 1000 s.
Preparation of solid-state LMO/CPE/Li cells
To examine the Li-ion conducting properties, LMO/CPE/Li cells were fabricated using a CR2016-type coin in a dry glove box in this study. The LMO cathodes were prepared using traditional manufacturing techniques and the components of the LMO cathodes were cathode material LiMn 2 O 4 , conductive carbon black, and PVDF at a weight ratio of 8 : 1 : 1. As schematically depicted in Fig. 2 , the cathode compound was dissolved in Nmethylpyrrolidone(NMP) solvent for 6 h to ensure uniform dispersion. In order to decrease the resistance between the electrolyte and electrode interface, we selected PVDF as a binder, which possesses uorine elements. The prepared slurry was spread onto an aluminum foil collector to form an electrode sheet, and then put into a vacuum drying oven at 80 C for 48 h. Then a pouch cell was assembled via stacking of the cathode electrodes, the composite electrolyte and the lithium foil and sealing with a CR 2016-type coin.
Electrochemical characterization of the LMO/CPE/Li cells
Galvanostatic charge-discharge cycling of the all-solid-state LMO/CPE/Li batteries was carried out between 3.0-4.3 V at room temperature. To analyze the rate performance, full cells were tested at different rates of 0.1, 0.2, 0.5 and 1C. For cycling performance testing, the cells were cycled at 0.2C rate. Meanwhile, cyclic voltammetry (CV) at a scan rate of 0.1 mV s À1 and AC impedance from 100 kHz to 0.01 Hz was performed using a three-electrode cell, in which LMO acted as the working electrode and Li metal acted as the counter and reference electrodes.
Results and discussion

Physical properties of PVDF-LATP
To elucidate the morphology and the distribution of the CPEs, the SEM images for the PVDF and PVDF-LATP sample are shown in Fig. 3 . The SEM image in Fig. 3a shows that the LATP ceramic powders are small particles with a diameter mainly ranging from 1 mm to 2 mm. The SEM image in Fig. 3b shows that PVDF-LATP is homogeneously dispersed in the polymer matrix with no detectable porosity in place of the interconnected and gully-like structures present in the membrane. The uniform distribution of the LATP particles is advantageous for the improvement of electrochemistry. Fig. 4a presents the XRD patterns of LATP, and various hybrid solid electrolytes (from 1 : 5 to 1 : 9). A drop in peak intensity can be observed for the PVDF-LATP composite electrolyte at various LATP contents, which can be ascribed to the disorder of the polymer chains due to the destruction effect of the LATP powder. The samples with 5 : 1 and 7 : 1 LATP show some crystalline peaks of PVDF. Therefore, the LATP concentration of 9 : 1 is optimal for the CPE. The experimental results indicate that LATP can not only decrease the crystallinity of the PVDF matrix, but also increase the amorphous phase. As the incorporation of LATP into the PVDF matrix increased, a further reduction in peak intensity is detected. This phenomenon can be attributed to the disruptive effect of the LATP particles on the ordered arrangement of the polymer side chains, and also the increase in the percentage of the amorphous phase. To further investigate the thermal stability of the CPE, thermogravimetric analysis (TGA) was conducted. As shown in Fig. 4b , the initial decomposition of the pure PVDF occurs at 415.3 C and is completed at 547.6 C with a total weight loss of $100 wt%.
With the increase in LATP content, the CPE membrane with 90 wt% LATP particles only shows about 33.22 wt% loss before 468 C and then remains stable until 600 C. The composite polymer electrolyte was subsequently immersed in liquid electrolyte via an activation process to ll the pores in the polymer matrix, ceramic and polymer chains. With the increase in LATP content, the absorbent ratio increased gradually. The liquid electrolyte uptake ratio of the PVDF-LATP (1 : 9) is nearly 100%. Fig. 5a -c show the AC impedance plots of the CPEs with different compositions at various temperatures ranging from 30 C to 60 C. The impedance plots are composed of a semicircle at high frequency and a sloped line at low frequency. The high frequency semicircle represents the bulk, intra-crystalline conductivity of the CPEs. The sloped line at low frequency is associated with the lithium ion diffusion. 25 The results show that the impedance decreases with increasing temperature. The ionic conductivity (s) is evaluated via the following eqn:
Electrochemical performance of the CPE
where L, S, and R denote the thickness of the electrolyte membrane, the cross-sectional area of the electrode, and the ionic resistance of the electrolyte, respectively. The conductivities of the SS|CPE|SS cells are shown in Fig. 5d . When increasing the temperature of the different electrolyte membranes, the conductivity of the CPE gradually increases in a linear manner, showing thermally activated conduction. The increase is due to the contribution of Li + from the active nanoller LATP to the enhanced ionic conductivities of the ber-reinforced composites. With an increase in LATP content, the conductivity shows an upward trend, with PVDF-LATP (1 : 9) demonstrating the highest electrical conductivity rate of 6.26 Â 10 À4 S cm À1 at 30 C. This phenomenon is mainly due to the polymer chain motion of the amorphous phase and the concentration of mobile Li + . To some extent, the activation energy values increased slightly due to the increasing salt concentration, which is related to the increased interaction between the Li + ions and WPU segments, which will decrease the segment mobility of the CPEs and greatly boost the improvement in ionic conductivity. Through the above data analysis, the carbonate group in the main chain of PVDF is strong enough to dissociate high-concentration LATP, thus boosting the concentration of mobile Li + in the high-saltconcentration PVDF-based electrolytes. Therefore, it is reasonable that with an increase in salt concentration, the ionic conductivities present a rising trend in this study. A high Li A wide electrochemical window plays a vital role in lithium ion batteries, as it is related to the energy density and operating voltage of the cell. The linear sweep voltammetry (LSV) method was employed to measure the stability of the electrochemical window of the PVDF-LATP CPEs with different compositions. As shown in Fig. 6a , the pure PVDF membrane and the low-saltconcentration PVDF-based electrolyte begin to decompose at about 3.9-4.3 V, and an obvious reaction is observed above 5 V, while the high-salt-concentration PVDF-based electrolyte decomposed at about 5.25 V. The present work illustrates a new point that the high-salt-concentration PVDF-based electrolyte exhibits superior anodic stability compared to the low-saltconcentration PVDF-based electrolyte and it can be safely employed together with high-voltage cathode materials to effectively avoid electrochemical oxidative decomposition. This proves that the high-salt concentration PVDF-based electrolyte exhibits excellent electrochemical stability in the range of 3-5.5 V (vs. Li/Li + ), and it also implies that the improved stability against metal Li has potential for use in high-voltage lithium batteries with the majority of cathode materials.
Performance of the LMO/CPE/Li battery
The viability of the electrolyte membrane for a solid-state battery was demonstrated in a half-cell with the conguration of LMO/CPE/Li, and it is noted that the PVDF-LATP (1 : 9) electrolyte membrane shows satisfactory electrochemical performance and is suitable for application in all-solid-state lithium batteries. The LMO/CPE/Li cell at high C-rates exhibits good performance, including remarkable rate capability, inferior polarization and superior capacities. Fig. 7a and b illustrate the charge and discharge curves of the LMO|Li batteries based on the PVDF-LATP (1 : 9) electrolyte at various rates from 0.1 to 2C at room temperature. The results demonstrate that the cell possesses a discharge capacity of 127.8 mA h g À1 at 0.1C, which is extremely close to the theoretical value. With the increase of the current density, the LMO/ CPE/Li battery can still deliver superior discharge capacities of 119.9, 113.8, 104.5, and 92.1 mA h g À1 at rates of 0.2, 0.5, 1, and 2C, respectively. Aer the end of cycling at 2C, the discharge capacity could reach 118 mA h g À1 when the current density returned to 0.2C, which indicates that the discharge capacity of the battery reaches 98.3%. Therefore, the LMO/PVDF-LATP/Li cell possesses superior rate performance. The cycling performance of the battery is shown in Fig. 7c . The battery exhibited an initial discharge capacity of 117 mA h g À1 at a current rate of 0.2C and the coulomb efficiency was 97.7%. The slight increase in capacity could be attributed to the activation of LMO in the rst ten cycles. With the increase of cycle number, the capacity performance and the voltage remain relatively stable. On continuous testing at 0.2C, it can be seen that nearly 100% coulombic efficiency and a capacity of 107.4 mA h g À1 are retained aer 200 cycles. This is mainly due to the PVDF-LATP composite solid electrolyte possessing both remarkable stability of the SEI-protected Li anode and superior interface compatibility.
To gain further understanding of the cycling stability, EIS was conducted during battery cycling. The EIS spectra of the LMO/CPE/Li cell before cycling and aer 50, 100 and 200 cycles at different charging rates are shown in Fig. 7d . The inset is the equivalent circuit for tting the EIS data, and R e , R s , and R ct represent the bulk resistance of the electrolyte, the interfacial resistance, and the charge transfer resistance, respectively. The two semicircles at high and medium frequencies represent the interface resistance (R e ) and the charge transfer resistance (R ct ), respectively. Table 2 shows the impedance parameters of LMO/CPE/Li cell tting. Aer 50 cycles, the change in R e for the cell is increased from 14.51 U to 49.27 U, and the R ct for the cell is increased from 41.47 U to 200.2 U, which is attributed to the reaction between the electrode and the electrolyte. Then it maintains a stable value in the range of 40 U to 180 U aer 50 cycles. The stable (R e + R ct ) illustrates the remarkable interfacial compatibility of the PVDF-LATP (1 : 9) synthetic electrolyte with the electrodes.
To understand the redox process of the LMO/CPE/Li solid state batteries, a differential analysis was conducted on the 100th charge/discharge curve. 
Conclusions
The hybridization of a solid polymer electrolyte based on PVDF and LATP as a Li + ion conductor was performed and the performance of the solid polymer electrolyte was evaluated. It exhibited remarkable ionic conductivity and excellent electrochemical stability at room temperature. The optimized polymer electrolyte was used to construct an all-solid-state Li/LiMn 2 O 4 cell, which presents a superior discharge capacity of 122.5 mA h g À1 and excellent capacity retention aer 200 cycles.
The improvement in the discharge capacity of the cell showed that the application of this solid electrolyte in all-solid-state lithium batteries is feasible.
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